Recent evidence has indicated that bacteria-derived extracellular vesicles (EVs) are important for host-microbe communication.
INTRODUCTION
Pregnant women undergo profound anatomical, physiological and biochemical changes that are influenced by hormonal and physical fluctuations. 1 Pregnancy is associated with an increase in cervical secretions and a decrease in vaginal pH, which has long been known to reflect increased levels of Lactobacillus acidophilus. 1 Microbial studies can help to explain differences in cytokine levels (in the vagina and amniotic fluids), variations in the pH of such fluids and the differential susceptibility to infections in pregnant and non-pregnant women. 1 Each year,~1 5 million babies are born prematurely; this number constitutes~10% of all infants. 2 Established preterm birth (PTB) risk factors include infections (of the urinary tract and bacterial vaginosis), uterine and cervical anomalies, in vitro fertilization, inadequate maternal nutrition and genetic factors. 3 Many researchers have suggested that intrauterine infections could explain 25-40% of PTBs. 4, 5 In addition, pregnant women should have asymptomatic bacteriuria screening with each trimester of pregnancy and should be treated, if positive, to reduce the risk of recurrent urinary tract infection and preterm labor. 6, 7 Bacteria constitutively secrete extracellular vesicles (EVs) into the extracellular milieu. 8, 9 The EVs are evolutionarily conserved nanoparticles that have an important biological function in intercellular communication. Gram-negative bacteria-derived EVs, or outer membrane vesicles, are spherical, nanometer-sized bilayered proteolipids, called nanovesicles, that not only harbor endotoxins (lipopolysaccharides) but also virulence proteins, and bacterial DNA and RNA. 8 In addition, Gram-positive bacteria were found to secrete EVs, which harbor bacterial cell wall components, including peptidoglycan and lipoteichoic acid, and also virulence proteins and nucleic acids. 10 Recent evidence has shown that bacteria-derived EVs might be an etiological agent for the development of inflammatory diseases that were once believed to be noninfectious. 11 With regard to the distribution of Gram-negative bacterial outer membrane vesicles, when they were injected intraperitoneally, the outer membrane vesicles were found to spread to the entire mouse body and accumulate in the liver, lung, spleen and kidney within 3 h of administration. 12 In addition, the EVs had been isolated from amniotic fluid and urine. 13, 14 Metagenomics is the study of genetic material that is recovered directly from environmental samples, including urine. While traditional microbiology relies on microbial genes or the genomes of cultivated clonal cultures, metagenomic sequencing is performed using the cloning of specific genes, often the 16S ribosomal RNA (16S rRNA) gene or whole genome from a natural sample. 1, 15 The first metagenomic studies conducted using high-throughput sequencing used massively parallel 454 pyrosequencing. 16 In pregnant women, metagenomics were used to explore the bacterial composition of stool and vaginal and amniotic fluid. 1, 15, 17, 18 In addition, the bacteria of pregnant women was associated with poor outcomes for both the mother and child, including PTB and low birth weight. 7, 19 However, bacteria-derived EV composition in the urine of normal or pregnant women (including PTB) has not yet been established.
The purpose of the present study was to evaluate whether bacteria-derived EVs are excreted via the urinary tract, and if so, to compare the features of such EVs in the urine of pregnant and non-pregnant women.
MATERIALS AND METHODS

Participants and sample collection
In total, 73 non-pregnant women and 74 pregnant women (39 had normal deliveries; 35 had preterm deliveries) were enrolled from Dankook University and Ewha Womans University Medical Center, respectively, from 2006to 2008. We recruited women who delivered preterm infants (o37 weeks of gestation) at our hospital. Members of the normal delivery group (who underwent term delivery at ⩾ 37 weeks of gestation) were selected from women who had undergone prenatal examinations at our hospital and were followed up until delivery. The inclusion criteria were a singleton birth and a gestational age of 25-42 weeks. We excluded women who had multiple births, stillbirths, infants with congenital anomalies, chronic hypertension, placenta previa and abruption placenta. The control (non-pregnant) group was selected from women who underwent routine health examinations at Dankook University Hospital.
The present study was approved by the Institutional Review Board of Ewha Womans University Hospital (ECT 127-07) and Dankook University Hospital (DKUH IRB 2013-04-0125). The methods were conducted in accordance with the approved guidelines, and informed consent was obtained from all of the subjects.
Data collection and measurement
Trained interviewers collected general epidemiological and clinical data from the participants, who signed consent forms before enrollment. The weight and height were measured, and blood samples were obtained using standard protocols. The body mass index was calculated as the weight divided by the height squared (kg m − 2 ). Blood samples were collected from the median cubital vein into Vacutainer tubes that contained EDTA or serum tubes (BD, Franklin Lakes, NJ, USA), after overnight fasting. The glucose concentration was determined using L-Type Glu2 Reagent Kits (Wako, Osaka, Japan). The cholesterol concentration was determined using L-type CHO M Reagent Kits (Wako). The AST (aminotransaminase) and ALT (alanine aminotransaminase) concentrations were determined using Pureauto S AST-L Reagent Kits (Sekisui Medical, Tokyo, Japan). The HDL (high-density lipoprotein) concentration was determined using Cholestest N HDL Reagent Kits (Sekisui Medical). The creatinine concentration was determined using Clinimate CRE Reagent Kits (Sekisui Medical). Measurements were recorded with the aid of an automatic analyzer (Model 7180; Hitachi, Tokyo, Japan). The white blood cell counts and hemoglobin levels were determined using STROM.-FB, Cellpack, Cell Sheath Reagent Kits and the hematology analyzer Sysmex XE-2100 (TOA Medical Electronics, Kobe, Japan). Midstream clean-catch urine samples were collected in sterile urine bottles when the subjects were admitted to the hospital before delivery.
EV isolation and DNA extraction from human urine samples EVs in human urine were isolated using the differential centrifugation method as described previously. 20 For the extraction of DNA in isolated EVs, 1 μg (based on the protein amount) of the EVs was boiled at 100°C for 15 min, and then it was centrifuged at 10 000 g for 20 min. The quality and quantity of the DNA were measured using the NanoDrop assay.
Emulsion-based PCR for metagenomic sequencing
Sequencing was performed by Macrogen (Seoul, South Korea) using a GS-FLX Titanium Sequencer System (Roche, Basel, Switzerland). Briefly, genomic DNA was amplified from urine by the polymerase chain reaction (PCR). The method used a 16S rDNA fusion primer (27F, 5′-GAGTTTGATCMTGGCTCAG-3′ and the primer 518R, 5′-WTTACCGCGGCTGCTGG-3′) to amplify the V1-V3 region. A FastStart High Fidelity PCR System was used (Roche, Basel, Switzerland). Amplification was performed on emulsions that were formed by mixing oil and amplicon solutions with vigorous shaking. The Tissue Lyser II System (Qiagen, Hilden, Germany) and GS-FLX-plus GS-FLX-plus-Emulsion-Based PCR Kit (454 Life Sciences, Branford, CT USA) were used to create microreactors that contained both an amplification mix and a single bead. The emulsions were dispensed into a 96-well plate, and a PCR amplification program was run according to the manufacturer's recommendations. A 20-ng aliquot of each DNA sample was included in each 50-μl PCR reaction mix. The PCR proceeded at 94°C for 3 min, followed by 35 cycles of 94°C for 15 s, 55°C for 45 s and 72°C for 1 min, and a final elongation step at 72°C for 8 min. After emulsion-based PCR amplification, the amplicons were purified using an AMpure Bead Kit (Beckman Coulter, Brea, CA, USA), and the DNA levels were quantified using the Picogreen method (Invitrogen, Carlsbad, CA, USA). Next, the amplicons were diluted, pooled and analyzed using a GS-FLX Titanium Sequencer (Roche, Basel, Switzerland) according to the manufacturer's instructions.
Next-generation sequencing using the Roche 454 Genome Sequencer FLX Titanium platform
After PCR amplification, each emulsion was chemically broken, and the beads that carried amplified DNA libraries were recovered and washed via filtration. DNA-positive beads were purified using the biotinylated primer A (complementary to adaptor A), which binds to streptavidin-coated magnetic beads. Beads that had DNA libraries were then separated from the magnetic beads by melting the doublestranded amplification products, thus creating a population of beadbound single-stranded template DNA fragments. The sequencing primer was then annealed to the amplified single-stranded DNAs. Finally, the beads that had such DNA were counted using a particle counter (Beckman Coulter). Sequencing was performed using the Roche 454 Genome Sequencer FLX Titanium platform (Life Sciences), and each sample was loaded into a single region of a 70-to 75-mm Roche 454 PicoTiter plate (Life Sciences) that was fitted with an eight-lane gasket.
Selection of 16S rRNAs and taxonomic assignments
Sequencing reads of high quality were retained after checking both the score quality (average Phred score 420) and read lengths (4300 bp). Operational taxonomic units (OTUs) were defined using UCLUST and USEARCH; 21 taxonomic assignment was achieved using QIIME 22 against the 16S rRNA sequence database of GreenGenes 8.15.13. 23 Based on the identified similarities, all of the 16S rRNA sequences were assigned at the following taxonomic levels: species, 497% similarity; genus, 494% similarity; family, 490% similarity; order, 485% similarity; class, 480% similarity; and phylum, 475% similarity. Bacterial compositions at the genus level were plotted as heat maps if significant between-group differences were evident (greater than a twofold difference between the pregnant and nonpregnant women).
Statistical analysis
The results are presented as the mean ± s.d. The basic characteristics, including the age, maternal features and birth outcomes, were compared using a one-way analysis of variance or t-test. In addition, the clustering characteristics were compared using the χ 2 test or t-test. Statistical analyses were performed with the aid of SAS software (Version 9.3; SAS Institute, Cary, NC, USA). In addition, hierarchical clustering in the R package was applied to identify the groups of samples that have similar bacterial composition. Statistical significance was considered to be present when the probability value (P) was o0.05. Table 1 shows the characteristics of all of the study subjects. When the normal and preterm delivery groups were compared, the gestational weeks were significantly different (39.73 vs 33.57 weeks, Po0.001). The birth weight was significantly lower in the preterm group (3342.13 vs 2179.17 g, Po0.001). In addition, the infants who underwent preterm delivery had significantly lower Apgar scores (at both 1 and 5 min) compared with the infants who were delivered normally (Po0.001). However, no significant difference in the maternal age was evident among the groups (P40.05).
RESULTS
General characteristics of the study subjects
Differences in bacteria-derived EVs in urine by pregnancy status Hierarchical clustering was performed at the genus level on the bacterial groups that exhibited level changes that were 42-fold between the pregnant and non-pregnant women, but any taxon whose average abundance (composition) was below 1% in the enriched group was excluded from this heatmap (Figure 1 ). We performed 20 taxa for hierarchical clustering. As shown in Figure 1, hierarchical clustering that used the R package was applied to identify groups of samples that had similar bacterial compositions. The samples were segregated into two groups. The first group was mainly composed of microbes that were present in the samples from pregnant women, and the second group was principally composed of microbes that were present in the samples from non-pregnant women. The first group was included in two clusters (Class I and Class II), and the second group was included in three clusters (Class III, Class IV and other cluster samples). The pregnant women principally harbored bacteria and EVs of Bacillus spp. In addition, clustering a total of 1 863 738 sequences resulted in 3762 OTUs using the threshold of 97% sequence similarity. The read numbers were identified using the analysis of urine metagenomic data by next-generation sequencing (Supplementary Table 1 ). Supplementary Figure 1 and Table 2 show abundant bacterial genera in pregnant and non-pregnant women. When pregnant and non-pregnant women were compared, the levels of 13 microbial taxa exhibited significant differences (Po0.05). In particular, Bacillus spp. was the taxon that was more significantly enriched in pregnant women (mean composition = 45.61%) than in non-pregnant women (mean composition = 0.12%) (Po0.001). However, Pseudomonas spp. was the taxon that was more enriched in non-pregnant women (mean composition = 14.23%) than in pregnant women (mean composition = 4.09%) (Po0.001). An operational taxonomic unit assigned to the family Pseudomonadaceae was also significantly enriched in non-pregnant women (Po0.001). Lactobacillus spp. was significantly enriched in non-pregnant women (8.44% vs 1.61%, Po0.001).
The characteristics of pregnant (Supplementary Table 2 ) and non-pregnant women (Supplementary Table 3) were analyzed by hierarchical clustering. In pregnant women, no characteristics significantly differed (P40.05). Class I and II are expressed as clusters of yellow and red bars, respectively, in Figure 1 (Supplementary Table 2) . In pregnant women, all of the characteristics were not significantly different (P40.05). Figure 1 Abundant taxa yielding bacteria-derived extracellular vesicles in the urine of pregnant women (yellow and red bars) and nonpregnant women (green and blue bars). Right: 20 taxa that (i) exhibited greater than twofold changes in abundance between the pregnant and non-pregnant women, and (ii) constituted 41% of the average composition in the enriched group. Genus names are used to identify the taxa. The taxa without generic names are annotated by either "f" ( = family name) or "o" ( = order name). The phenotypic differences among the clusters are summarized in Supplementary Table 2 (Class I subjects are under the yellow bar, and Class II subjects are under the red bar) and Supplementary Table 3 (Class III subjects are under the green bar, and Class IV subjects are under the blue bar). Each cell in the heatmap is the bacterial relative proportion in a sample. For each sample listed on the x axis, the relative proportion of the bacteria (listed vertically along the y axis on the right side of the plot) is represented by a color: green corresponds to low abundance, and red corresponds to high abundance. See the color key legend at the top left corner.
Class III and IV were expressed as clusters of green and blue bars, respectively, in Figure 1 (Supplementary Table 3) . The age was significantly lower in Class I compared with that in Class II (28.14 vs 34.88, Po0.05) (Supplementary Table 3 ). However, other characteristics of the subjects were not significantly different (P40.05).
Compositional difference of bacteria-derived EVs in the urine from pregnant women who underwent normal vs preterm delivery Figure 2 and Supplementary Figure 2 show the abundant bacterial genera in women who underwent normal and preterm delivery. The bacteria-derived EVs were similarly Percentage data are presented as numbers with s.d.s. The taxa are shown at the genus level; those that lacked a genus name are annotated by either "f" ( = family name) or "o" ( = order name). a Statistical P-values were calculated by comparing data from pregnant and non-pregnant women using the t-test. Figure 2 Abundant taxa that yielded bacteria-derived extracellular vesicles in the urine of women who experienced normal (blue bar) and preterm (red bar) delivery. Right: taxa that (i) showed greater than twofold changes in abundance between normal and preterm delivery, and (ii) constituted 41% average microbial composition in the enriched group. Genus names are used to identify the taxa. The taxa without generic names are annotated by either "f" ( = family name) or "o" ( = order name).
distributed between normal and preterm delivery women. In addition, the phyla Firmicutes (family Veillonellaceae) and Tenericutes (Ureaplasma spp.) were rarely detected in pregnant women. Interestingly, Ureaplasma spp. was enriched in only one case from the preterm delivery women. In addition, family Veillonellaceae was shown in two cases from the preterm delivery women (Supplementary Figure 3) . Thus, we focused on the two cases of preterm delivery women that showed the abundant bacteria-derived EVs with Ureaplasma spp. and family Veillonellaceae. Table 3 shows the abundant bacteria genera in pregnant women who gave PTB; urinary metagenomic data were used to derive these values. In case 1, a gravida 6, para 1 pregnant woman was delivered via cesarean section because of spontaneous preterm labor and premature rupture of the membrane. One pregnant woman underwent the McDonald operation at 27 weeks of gestation because her cervical length was short. The baby's birth weight was 1530 g, and theApgar scores were 5 (1 min) and 7 (5 min). EVs derived from several bacteria, including Lactobacillus spp., Ureaplasma spp., Atopobium spp. and Megasphaera spp., were evident upon urinary metagenomic analysis. The infant had a pneumomediastinum, hyaline membrane disease and a germinal matrix hemorrhage. In case 2, a gravida 3, para 2 pregnant woman delivered an infant normally after preterm labor. The birth weight was 1310 g, and the Apgar scores were 7 (1 min) and 9 (5 min). EVs derived from several bacteria, including the Fusobacterium spp., Megasphaera spp., Atopobium spp., Prevotella spp. and Sneathia spp., were detected. The infant had meningitis, a urinary tract infection, respiratory distress syndrome, lenticulostriate vasculopathy and congenital pneumonia.
DISCUSSION
In many human microbiome studies, including the Human Microbiome Project, the bacterial compositions of various body sites were analyzed via 16S rRNA sequencing; such sequences serve as ubiquitous markers of bacterial genomes. 24 Streptococcus, Bacteroides and Lactobacillus are the major genera in oral, gut and vaginal samples from normal subjects. 25 In addition, pregnancy was associated with the dominance of Lactobacillus spp. 15 Recent evidence has indicated that bacteria-derived EVs have key roles in the intercellular communication between the host and commensal microbes, in terms of both normal physiological and pathogenic processes. 26 Metagenomics is the study of genetic material that is taken directly from environmental samples. Recent studies use whole genome or 16S rRNA-based sequencing to obtain the information in the microbiome. Initially, 16S rRNA-based gene sequencing is cost-effective for identifying the composition of bacteria or bacteria-derived vesicles, 27 although the 16S rRNAbased approaches were known to be limited by the short read lengths obtained, sequencing errors and difficulties in assessing OTUs. 28 In the present study, we sequenced the V1-V3 region of the 16S rRNA gene to explore the composition of bacteriaderived EVs in the urine of pregnant and non-pregnant women. The abundance levels of 13 genera differed significantly when the urine of pregnant and non-pregnant women was compared. In particular, Bacillus spp. was the most enriched EV taxon in pregnant women, whereas Pseudomonas spp. was the most enriched in non-pregnant women. In addition, the levels of EVs from Ureaplasma spp. and the family Veillonellaceae (including Megasphaera spp.) were higher in the urine of pregnant women who underwent preterm delivery than in those who experienced normal delivery.
Bacterial transmission from mother to fetus occurs regularly during human pregnancy. 29 Gram-positive bacteria, such as Bacillus spp., have been isolated principally from the urine of pregnant women. 30 Recently, our group revealed that Grampositive bacteria secrete EVs. 12 In the present study, we found that bacteria-derived EVs, injected intramuscularly, are excreted partly via the urinary tract and that EVs derived from Bacillus spp. are dominant during pregnancy (compared with non-pregnancy). Bacillus spp. is a heterogeneous group of Gram-positive, facultative, anaerobic endospore-forming bacteria. 31 The genus Bacillus, especially Bacillus. subtilis, is usually found in the gut and in fermented foods, where they cooperate with other microorganisms during fermentation. 32 A principal characteristic of Bacillus spp. is the ability to produce a wide range of anti-microbial compounds that are active against both bacteria and fungi. 31 Taken together, these data suggest that EVs derived from Bacillus spp. might have an important role in the maintenance of pregnancy. Some evidence has shown that low birth weight infants born after preterm premature rupture of the membranes are heavily infected with Pseudomonas spp. 33 Pseudomonas aeruginosa is seldom isolated from the urine of pregnant women. 30 Changes in natural killer cell numbers, phenotypes and activities occur during pregnancy, which suggests that such cells are hormonally regulated. 34 Immunological changes afford some self-defense benefits; the fetus is protected from infectious agents such as bacteria. 35 In addition, the levels of P. aeruginosa are positively associated with those of interleukin-8. 36 In addition, genitourinary infections in pregnant women were found to significantly increase the levels of interleukin-8 in the urine. 37 Interestingly, the present study showed that EVs derived from the family Pseudomonadaceae, especially Pseudomonas spp., were significantly enriched in the urine of non-pregnant women compared with pregnant women. Collectively, these data suggest that EVs derived from Pseudomonas spp. might be important in the maintenance of the non-pregnant state.
The present study showed that EVs derived from Ureaplasma spp. were more frequently detected in the urine of women who underwent preterm delivery compared with those who underwent normal delivery. In addition, this study showed that the composition of EVs derived from Ureaplasma spp., Fusobacterium spp. and Sneathia spp. was increased in the urine of preterm-delivered women with premature babies who had pneumonia, meningitis or urinary tract infections. Ureaplasma urealyticum, Sneathia spp. and Fusobacterium spp. are bacteria that are commonly isolated from the amniotic cavity of women who enter preterm labor and experience preterm premature rupture of the membrane. 5, 38 In particular, Ureaplasma is a common pathogen of the urogenital tract, and such bacteria are recognized as important opportunistic pathogens during pregnancy, being linked to early-onset disease in premature infants. 39, 40 Women with PTB were six times more likely to increase the frequency of Megasphaera spp. (family Veillonellaceae) through pregnancy. 41 In addition, autistic patients with gastrointestinal symptoms and liver cirrhosis have distinct (less diverse) gut microbial compositions and lower levels of Veillonellaceae in fecal samples. 42, 43 During pregnancy, Veillonella parvula counts decrease in the mouth cavities of women. 44 Microbiome changes have been described in the nasal and oral cavities, skin and placenta. 1 Taken together, these data suggest that EVs derived from Ureaplasma spp. and Megasphaera spp. (family Veillonellaceae) could be associated with infectious diseases in preterm infants.
In addition, we checked the delivery history in non-pregnant women. Some data were missing. The delivery history of the control group was marginally significantly lower in Class III compared with that in Class IV (P = 0.047, data not shown), and the statistical power was low because of the small number of subjects in the group of non-pregnant women.
Recent evidence has indicated that bacteria-derived EVs are important for host-microbe communication. In the present study, we targeted the metagenome, which was isolated from EVs in the urine, to evaluate the association between bacteriaderived EVs and pregnancy, based on the data that bacteriaderived EVs are excreted via the urinary tract. This study showed that Bacillus spp. EVs were more significantly enriched in pregnant women, whereas Pseudomonas spp. EVs were more dominant in non-pregnant women. The study has certain limitations, including its retrospectively cross-sectional study design. Despite the limitations, the present data will provide insight into understanding the physiology of pregnancy and also reveal diagnostic or therapeutic markers for the prevention of non-pregnancy and/or preterm delivery.
